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ABSTRACT 
Nowadays, to mitigate the global warming problem, the requirement of carbon neutrality has become 
more urgent. Oxy-Fuel Combustion (OFC) has been proposed as a promising way of Carbon Capture 
and Storage (CCS) to eliminate Carbon Dioxide (CO2) emissions. This article explores the 
implementation of OFC technology in a practical Gasoline Direct Injection (GDI) engine fuelled with 
gasoline-ethanol blends, including E0 (gasoline), E25 (25% ethanol, 75% is gasoline in mass fraction) 
and E50 (50% ethanol, 50% is gasoline in mass fraction). The results show that with a fixed spark 
timing, 𝜑𝐶𝐴50 (where 50% fuel is burned) of E50 and E25 is about 4.5 degrees and 1.9 degrees later 
than that of E0, respectively. Ignition delay (𝜃𝐹) and combustion duration (𝜃𝐶) can be extended with 
the increase of ethanol fraction in the blended fuel. With the increase of Oxygen Mass Fraction (OMF) 
from 23.3% to 29%, equivalent Brake Specific Fuel Consumption (BSFCE) has a benefit of 2.12%, 
1.65% and 1.51% for E0, E25 and E50, respectively. The corresponding increase in Brake Specific 
Oxygen Consumption (BSOC) is each 21.83%, 22.42% and 22.58%. Meantime, 𝜃𝐹, 𝜃𝐶 and Heat 
Release Rate (HRR) are not strongly affected by OMF. With the increase of OMF, the increment of 
𝜃𝐹 is each 0.7 degrees, 1.8 degrees and 2.2 degrees for E0, E25 and E50. 𝜃𝐶 is only extended by 1 
degree, 1.1 degrees and 1.4 degrees, respectively. Besides, by increasing intake temperature (𝑇𝐼) from 
298 K to 358 K under all the fuel conditions, BSFCE and BSOC present slight growth trends; 𝜃𝐹 and 
𝜃𝐶 are slightly reduced; meantime 𝜑𝐶𝐴50, 𝜑𝑃𝑚𝑎𝑥 (crank angle of peak cylinder pressure) and the 
position of HRR peak are advanced by nearly 1 degree. 
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   Climate change, particularly global warming, has been a serious problem, which causes a wide 
range of effects on the world. Hence, carbon neutrality has been proposed as an urgent need to limit 
global warming by reducing Greenhouse Gas (GHG) emissions.[1]- [4] Aiming at reducing the 
emissions of primary long-lived GHG Carbon Dioxide (CO2), Oxy-Fuel Combustion (OFC) 
technology is helpful to achieve Carbon Capture and Storage (CCS) in conventional Internal 
Combustion Engine (ICE) fuelled with fossil fuels.[5]-[8] OFC technology was proposed by 
Yaverbaum,[5] which chemical reaction process is shown in Equation (1). It presents that the major 
advantage of OFC is to avoid emissions related with nitrogen element. Hence, engine exhaust 
emissions are almost CO2 and H2O. Then, H2O can be condensed and separated by a condenser and 
a gas/water separator. A portion of remained CO2 can be recirculated back to cylinders for utilisation. 
Meantime, the rest of CO2 could be compressed, captured and stored. The physicochemical properties 
of CO2 and nitrogen are listed in Table 1, which make OFC quite different from Conventional Air 
Combustion (CAC).[9][10] 
CxHy + (𝑥 +
𝑦
4
) O2 → 𝑥CO2 +
𝑦
2
H2O                       (1) 
 
Table 1. Gas physicochemical properties at 1000 K and 0.1 MPa [9][10]  
Property CO2 nitrogen 
Ratio 
(CO2/nitrogen) 
Molecular weight 44 28 1.57 
Density (kg/m3) 0.5362 0.3413 1.57 
Kinematic viscosity (m2/s) 7.69e-5 1.2e-4 0.631 
Specific heat capacity (kJ/kg K) 1.2343 1.1674 1.06 
Thermal conductivity (W/m K) 7.057e-2 6.599e-2 1.07 
Thermal diffusivity (m2/s) 1.1e-4 1.7e-4 0.644 
Mass diffusivity of O2 (m
2/s) 9.8e-5 1.3e-4 0.778 
Prandtl number 0.7455 0.7022 1.06 
Emissivity and absorptivity > 0 ~ 0 - 
 
   In 1999, Bilger [6] introduced a novel system named Internal Combustion Rankine Cycle (ICRC), 
initiating the application of OFC technology into Spark Ignition (SI) ICE. In the ICRC system, CO2 
with oxygen enters into engine combustion chambers. The other prominent characteristic is that water 
is directly injected into chambers near the top dead centre to control combustion. Over the last decade, 
Wu et al.[11]-[14] provided valuable inputs into OFC research, which indicated that the power, fuel 
economy and emissions could be improved through optimisation strategies in the ICRC Port Fuel 
Injection (PFI) engine fuelled with propane. Li et al.[15],[16] explored the potential of intake charge to 
optimise combustion and performance of OFC SI engine fuelled with gasoline. 
   In summary, most studies about OFC technology in SI engines mainly focused on PFI engines 
fuelled propane. A minority of studies have been conducted in Gasoline Direct Injection (GDI) 
engines. GDI technique is widely known to be the mainstream of SI engines.[17]-[22] Furthermore, in 
order to meet the more stringent standards by reducing vehicular emissions, alcohols have been 
promising alternative fuels and are widely used as fuel blending components nowadays. [23]-[29] 
However, it is still unknown about the impacts of OFC implementation in a GDI engine fuelled with 
gasoline-ethanol blends. 
   Hence, the study purpose is to explore and provide a deeper understanding of the implementation 
of OFC technology in a practical GDI engine fuelled with gasoline-ethanol blends. This study is a 
small part of an ongoing ‘RIVER’ project funded by European Regional Development Fund (ERDF), 
which aims to develop a novel non-carbon riverboat powered by ICE with conventional hydrocarbon 
liquid fuels. In this project, a designed system of OFC with CCS in the application of ICE can be 
depicted in Figure 1. In order to achieve non-carbon emissions, pure oxygen is mixed with 
recirculated exhaust gas (CO2) prior to entering engine combustion chambers. Meantime, the excess 
CO2 would be captured and eventually stored in a storage tank. 
 
 
Figure 1. Schematic of OFC in the application of ICE with CCS 
2. SIMULATION METHODOLOGY 
2.1 Engine Testbed 
The numerical study is performed with a turbocharged 2.0-litre GDI engine, which specifications 
and testbed are illustrated in Table 2 and Figure 2, respectively. 
The required data for model validation was obtained from the engine testbed under CAC mode. 
The engine's speed and torque can be accurately controlled and measured by a programmable 
Electronic Control Unit (ECU) and an electrical dynamometer. In addition, spark-plug type pressure 
sensors (AVL-GH13Z), a charge amplifier (Kistler 5018A) and a combustion analyser (AVL 641) 
were utilised to measure, analyse and record the transient cylinder pressure signals. The cylinder 
pressure should be averaged by 200 consecutive cycles to reduce the deviation of cycle-to-cycle 
variations. According to Holman's root mean square method, the uncertainties of some items are listed 
in Table 3.[30] Besides, the spark timings were optimised to be the minimum advance for Maximum 
Brake Torque (MBT) or the Knock Limited Spark Advance (KLSA). The used fuels in this study 
include E0 (gasoline), E25 (25% ethanol, 75% is gasoline in mass fraction) and E50 (50% ethanol, 
50% is gasoline in mass fraction), which are mixed and ensure to completely miscible before the test. 
The fuel properties of used gasoline and ethanol are presented in Table 4.   
 
Table 2. Engine specifications 
Items Content 
Engine type 4-cylinder, 4-stroke 
Bore × Stroke (mm) 82.5 × 92 
Displacement (L) 2.0 
Injection type GDI 
Intake type Turbocharged 
Compression ratio 9.6:1 
Rated speed (rpm) 5500 
Rated power (kW) 160 
Maximum Torque (N·m) 320 
 
 
Figure 2. Schematic of the engine testbed 
 
Table 3. Uncertainties of measured parameters 
Measured Parameters Uncertainty (%) 
Engine speed ± 0.1 
BMEP ± 0.1 
BSFC ± 0.2 
Cylinder Pressure ± 0.1 
Lambda ± 0.3 
Coolant temperature ± 0.4 
Intercooler output temperature ± 0.4 
 
Table 4. Fuel properties 
Fuel type Ethanol Gasoline 
Chemical formula C2H5OH C5-C12 
Relative molecular mass 46 95-120 
Gravimetric oxygen content (%) 34.78 < 1 
Research octane number 107 95 
Density (20 ℃) (kg/L) 0.789 0.73 
Dynamic viscosity (20 ℃) (mPa·s) 1.2 0.52 
Kinematic viscosity (20 ℃) (mm2/s) 1.52 0.71 
Surface tension (20 ℃) (N/m) 21.97 22 
Boiling range (℃) 78 30-200 
Low heating value (kJ/kg) 26900 44300 
Latent heat of vaporisation (kJ/kg) 840 370 
Laminar flame speed (20 ℃) (m/s) 0.5 0.33 
Stoichiometric air-fuel ratio 8.95 14.7 
2.2 Model Description and Research Approach 
The one-dimensional model of this numerical study is established by GT-Power, which is very 
common for academics in the research of SI engines.[31]-[33] The main submodels are ‘Woschni model’ 
[34] and ‘SI turbulent flame combustion model’.[35] The heat transfer coefficient ℎ and laminar flame 
speed 𝑆𝐿 can be presented in Equation (2) and Equation (3), respectively. 




0.8              (2) 
Here, ℎ denotes heat transfer coefficient; 𝑑 denotes diameter of the cylinder bore; 𝑃 denotes 
cylinder pressure; 𝑇 denotes in-cylinder mean gas temperature; 𝐶1 denotes a constant related to 
airflow velocity coefficient; 𝐶2 denotes a constant related to combustion chamber; 𝑐𝑚 denotes 
mean piston speed; 𝑉𝑆 denotes cylinder volume; 𝑃0 denotes the cylinder pressure when the engine 
is started. 𝑇1 , 𝑃1  and 𝑉1  are cylinder temperature, pressure and volume at the beginning of 
compression, respectively. 











𝑓(𝐷)                (3) 
Here, 𝑆𝐿  denotes laminar flame speed; 𝐵𝑚  denotes maximum laminar speed; 𝐵δ  denotes 
laminar speed roll-off value; δ denotes in-cylinder equivalence ratio; δ𝑚 denotes equivalence ratio 
at maximum speed; 𝑇𝑢  denotes unburned gas temperature; 𝑇𝑟𝑒𝑓  denotes 298 K; 𝑝  denotes 
pressure; 𝑝𝑟𝑒𝑓  denotes 101.325 kPa; 𝛼  denotes temperature exponent; 𝛽  denotes pressure 
exponent; 𝑓(𝐷) denotes dilution effect.  
In this research, fuelled with E0, E25 and E50, the engine runs at 1500 revolutions per minute 
(rpm) with 10 bar Brake Mean Effective Pressure (BMEP), representing a mid-high load of engine 
operating condition. The research approach of this study is illustrated in Figure 3. 
First, model validation is completed based on the experimental data. Second, the optimisation of 
OFC performance by changing spark timing is conducted. In the meantime, the throttle opening angle 
and stoichiometric air-fuel ratio are held constant. Third, the performance optimisation by changing 
Oxygen Mass Fraction (OMF) is analysed. When OMF changes, the throttle opening angle remains 
unchanged and the spark timings should be optimised to be MBT under each OMF condition. Last, 
simulation work is conducted to try to optimise engine performance by changing intake temperature. 
 
 
Figure 3. Flow chart of the research approach 
 
In this study, ignition delay (𝜃𝐹) denotes the Crank Angle (CA) interval between spark timing and 
𝜑𝐶𝐴10 (where 10% fuel is burned). Combustion duration (𝜃𝐶 ) denotes the CA interval between 
𝜑𝐶𝐴10 and 𝜑𝐶𝐴90 (where 90% fuel is burned). Besides, 𝜑𝐶𝐴50, 𝑇𝑀 and 𝜑𝑃𝑚𝑎𝑥 are introduced to 
denote the CA where 50% fuel is burned, the maximum in-cylinder temperature and the CA of peak 
cylinder pressure. Brake Specific Oxygen Consumption (BSOC), equivalent Brake Specific Fuel 
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Here, 𝑃 (kW) denotes the engine brake power. 𝜏𝑂 (kg/h) and 𝜏𝐹 (kg/h) is the consumption rate 
of oxygen and fuel under actual conditions, respectively. 𝜏𝑜𝑠𝑡 (kg/h) denotes the oxygen mass flow 
rate at the stoichiometric condition. 𝜔𝐸 and 𝜔𝐺 are the mass fraction of ethanol and gasoline in the 
fuel, respectively. 𝐻𝐸 and 𝐻𝐺 are the low heating value of ethanol and gasoline, respectively. 
3. RESULTS AND DISCUSSION 
3.1 Model Validation 
Figure 4 presents the model validation by a comparison of cylinder pressure between experiment 
and simulation results under E0, E25 and E50 conditions. It can be seen that the curves are in good 
agreement under all the conditions. The locations and magnitudes of the curves’ peaks have been well 
predicted. It can indicate that this model is capable of being used for this numerical research. 
 
 






















































































3.2 Performance Optimisation by Changing Spark Timing 
   This section shows the effects of spark timing on engine combustion performance. Meantime, 
OMF and 𝑇𝐼 are kept at 23.3% and 298 K, respectively. 
   Figure 5 presents the effects of spark timing on BSFCE and 𝜑𝐶𝐴50. It can be observed that with 
the advance of spark timing from -40 ºCA to -68 ºCA, the overall trend of BSFCE initially has a small 
reduction and then increases. For E0, E25 and E50, the lowest BSFCE is each 317.62 g/kWh, 306.48 
g/kWh and 295.82 g/kWh, which is achieved with the spark timing of -52 ºCA, -54 ºCA and -58 ºCA. 
These differences can be observed with the combustion phasing characterised by 𝜑𝐶𝐴50, 𝜃𝐹 
and 𝜃𝐶. The corresponding 𝜑𝐶𝐴50 with MBT timing is 4 ºCA, 4.5 ºCA and 4.4 ºCA, respectively. 
Besides, there is a clear contrast between the overall trend of 𝜃𝐹 and 𝜃𝐶 as shown in Figure 6. By 
advancing spark timing from -40 ºCA to -68 ºCA, 𝜃𝐹 increases by about 11.2 degrees, 11.2 degrees 
and 11.1 degrees for E0, E25 and E50, respectively. In the meantime, 𝜃𝐶 has a corresponding decline 
by 9.2 degrees, 11.2 degrees and 14.5 degrees. It can be explained by Heat Release Rate (HRR), an 
example case with E25 of Figure 7 also demonstrates that the combustion phasing is very sensitive 
to spark timing which leads to a considerable variation in both the location and magnitude of HRR. 
Another important result presented in this section is that with a fixed spark timing, the 𝜑𝐶𝐴50 
of E50 and E25 is about 4.5 degrees and 1.9 degrees later than that of E0, as shown in Figure 5. 
Meantime, 𝜃𝐹 and 𝜃𝐶 can be extended with the increase of ethanol fraction in the blended fuel. The 
changes can be attributed to two main reasons by fuel properties, as shown in Table 4. First, the latent 
heat of vaporisation of ethanol is significantly higher than that of gasoline, leading to a stronger 
cooling effect and suppression of combustion rate. The 𝑇𝑀 of E50 is the lowest among the three fuel, 
while that of E0 is the highest, as shown in Figure 8. Second, the laminar flame speed of ethanol is 
higher than that of gasoline, which would promote combustion rate and complete combustion. 
However, the benefit cannot counteract the negative effects of high latent heat of vaporisation of 
ethanol in this operating condition. 
 
 
Figure 5. Effects of spark timing on BSFCE and 𝜑𝐶𝐴50 
 
Figure 6. Effects of spark timing on 𝜃𝐹 and 𝜃𝐶  























































































Figure 7. Effects of spark timing on HRR (E25) 
 
Figure 8. Effects of spark timing on 𝑇𝑀 
3.3 Performance Optimisation by Changing OMF 
   This section presents the optimisation results on engine combustion performance by changing 
OMF. Furthermore, 𝑇𝐼 is kept at 298 K, and MBT timing is applied for all operating conditions. 
   Figure 9 shows the effects of OMF on BSFCE and BSOC. The OMF is limited to 29% in this 
study because the cost of oxygen supplements should be considered in practical applications. It is set 







































to be 23.3%, 25%, 27% and 29%, and the corresponding lambdaO2 is each 1, 1.073, 1.159 and 1.245. 
Furthermore, the spark timings are optimised to be MBT under each OMF condition. 
   It can be observed that both the BSFCE and BSOC are sensitive to the change of OMF. With the 
increase of OMF to 29%, the reduction of BSFCE is each 6.74 g/kWh, 5.06 g/kWh and 4.47 g/kWh 
for E0, E25 and E50, which is a saving rate of 2.12%, 1.65% and 1.51%. This benefit is mainly 
because the specific heat ratio is heightened with the increased OMF, resulting in higher conversion 
efficiency and stronger work per unit mass of fuel.[35] Besides, the general trend of BSOC is opposite 
to that of BSFCE. Under the condition of E0, E25 and E50, there is an increase of 21.83%, 22.42% 
and 22.58% in BSOC, respectively. It means that the growing consumption of oxygen should also be 
considered under higher OMF conditions. Hence, the cost from higher BSOC should be considered 
with the increase of OMF. 
   Figure 10 presents the effects of OMF on 𝜃𝐹 and 𝜃𝐶. It can be seen that both 𝜃𝐹 and 𝜃𝐶 are 
not strongly affected by OMF. With the increase of OMF, the increment of 𝜃𝐹 is each 0.7 degrees, 
1.8 degrees and 2.2 degrees for E0, E25 and E50. Meantime, 𝜃𝐶 is only extended by 1 degree, 1.1 
degrees and 1.4 degrees, respectively. This is mainly because by increasing OMF to 27% or 29%, the 
lean fuel-air mixture (lambdaO2 > 1.1) would have a negative impact on laminar burning velocity, 
although the impact is partially offset by the influence of decreasing CO2 fraction in the intake.[35],[36] 
This can also be further explained by HRR, an example case with E25 in Figure 12. It demonstrates 
that there is no apparent discrepancy in HRR by increasing OMF. The peak of HRR is just slightly 
decreased by 2.5 J/CA and postponed by 1.5 degrees. 
 
 





































































Figure 10. Effects of OMF on BSOC 
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Figure 12. Effects of OMF on HRR (E25) 
3.4 Performance Optimisation by Changing Intake Temperature 
   In this section, the simulation work is conducted to try to optimise engine performance by 
changing intake temperature from 298 K to 358 K. Furthermore, the OMF conditions are selected 
with 23.3% and 29%, the spark timings are optimised to be MBT. 
   Figure 13 and Figure14 shows the effects of 𝑇𝐼 on BSFCE and BSOC, respectively. It can be seen 
that with the increase of 𝑇𝐼 from 298 K to 358 K, all the curves of BSFCE and BSOC present steady 
but slight growth trends. Hence, an analysis of normalisation is also depicted in Figure13 to show the 
comparisons with the condition of 𝑇𝐼 = 298 K. The average increase rate is respectively 0.28% and 
0.23% for OMF = 23% and OMF = 29%. This is mainly because that intake density will be reduced 
by increasing 𝑇𝐼 under a fixed opening angle of engine throttle. 
   In the meantime, the combustion phasing will be slightly affected by changing 𝑇𝐼 under E0, E25 
and E50 fuel conditions. As shown in Figure15 and Figure 16, by increasing 𝑇𝐼 from 298 K to 358 
K, 𝜃𝐹 and 𝜃𝐶 will be reduced by around 0.7 degrees. 𝜑𝐶𝐴50, 𝜑𝑃𝑚𝑎𝑥 and the position of HRR peak 




















will be advanced by nearly 1 degree. This is principally because the atomisation of fuel droplets could 
be enhanced with a higher temperature intake. 
 
Figure 13. Effects of 𝑇𝐼 on BSFCE 
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(a) OMF = 23.3% 
 
(b) OMF = 29% 
Figure 15. Effects of 𝑇𝐼 on 𝜃𝐹 and 𝜃𝐶  
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Figure 16. Effects of 𝑇𝐼 on HRR, 𝜑𝐶𝐴50 and 𝜑𝑃𝑚𝑎𝑥 (E25; OMF = 23.3%) 
4. CONCLUSIONS 
This work belongs to the ‘RIVER’ project to develop a non-carbon riverboat powered by ICE 
with conventional hydrocarbon liquid fuels, which is expected to make a valuable contribution to 
carbon neutrality in the world. The findings of this work not only provide a critical analysis on the 
implementation of OFC technology in a practical GDI engine fuelled with gasoline-ethanol blends, 
but also continue to contribute to this growing area by exploring the methods of improving the 
efficiency of OFC SI engines. The major conclusions in this article can be summarised as follows: 
(1) BSFCE, 𝜃𝐹 and 𝜃𝐶 are sensitive to spark timing under OFC mode for all the fuel conditions 
(E0, E25 and E50). 
(2) With a fixed spark timing, the 𝜑𝐶𝐴50 of E50 and E25 is about 4.5 degrees and 1.9 degrees 
later than that of E0, respectively. 𝜃𝐹 and 𝜃𝐶 can be extended with the increase of ethanol 
fraction in the blended fuel. 
(3) With MBT timing under each OMF condition, by increasing OMF from 23.3% to 29%, the 
saving rate of BSFCE is 2.12%, 1.65% and 1.51% for E0, E25 and E50, respectively. The 
corresponding increase in BSOC is each 21.83%, 22.42% and 22.58%, which should also 
















































increase the attention in the practical applications.  
(4) 𝜃𝐹, 𝜃𝐶 and HRR are not sensitive to OMF. With the increase of OMF, the increment of 𝜃𝐹 
is each 0.7 degrees, 1.8 degrees and 2.2 degrees for E0, E25 and E50. 𝜃𝐶 is only extended 
by 1 degree, 1.1 degrees and 1.4 degrees, respectively. 
(5) By increasing 𝑇𝐼 from 298 K to 358 K, BSFCE and BSOC present steady but slight growth 
trends under all the fuel conditions. 𝜃𝐹 and 𝜃𝐶 could be slightly reduced, meantime 𝜑𝐶𝐴50, 
𝜑𝑃𝑚𝑎𝑥 and the position of HRR peak could be advanced by nearly 1 degree. 
   In the future, more research about OFC in GDI engines fuelled with gasoline-ethanol blends 
would be beneficial. For example, further studies could include other new parameters, such as the 
effects of variable valve actuation strategies, Exhaust Gas Recirculation (EGR), intake pressure and 
temperatures, fuel injection rate and pressure, etc. Besides, the studies about combustion performance 
under some other representative load points can also be considered. Thus, future works can further 
benefit the implementation of OFC in GDI engines fuelled with gasohol, providing a practical and 
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BMEP Brake Mean Effective Pressure 
BSFC Brake Specific Fuel Consumption 
CA Crank Angle 
CAC Conventional Air Combustion 
CCS Carbon Capture and Storage 
CO2 Carbon Dioxide 
E0 gasoline 
E25 25% ethanol, 75% is gasoline in mass fraction 
E50 50% ethanol, 50% is gasoline in mass fraction 
ECU Electronic Control Unit 
EGR Exhaust Gas Recirculation 
ERDF European Regional Development Fund 
GDI Gasoline Direct Injection 
GHG Greenhouse Gas 
HRR Heat Release Rate 
ICE Internal Combustion Engine 
ICRC Internal Combustion Rankine Cycle 
KLSA Knock Limited Spark Advance 
MBT Maximum Brake Torque 
OFC Oxy-Fuel Combustion 
OMF Oxygen Mass Fraction 
PFI Port Fuel Injection 
rpm revolutions per minute 
SI Spark Ignition 
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